A facile hydrothermal method for synthesizing N-doped graphene/Fe 2 O 3 nanocomposite and its application to supercapacitors is demonstrated. The combination of large theoretical specific conductance of Fe 2 O 3 with the high conductivity of N-doped graphene resulted in excellent capacitance values and high-rate performance. N-doped graphene offered lower charge transfer resistance as well as better wettability between the graphene and the electrolyte. This increased the ion diffusion rate and accessible surface area. Samples prepared with and without N-doping were characterized and their electrochemical performances compared. N-doping increased the specific capacitance at 1 A/g from 543 F/g to 698 F/g. A capacitance as high as 354 F/g was retained when the current density was raised to 20 A/g.
INTRODUCTION
As a competing energy-storage system to rechargeable batteries, supercapacitors (SCs) offer considerably higher power density and charging speed. In addition, SCs also have high coulombic efficiency, long cycle life, and wide working temperature range [1, 2] . Two types of SCs based on different charge storage mechanisms [3, 4] are commonly used: (1) electric double-layer capacitors (EDLCs), which store ions at the interface between electrode and electrolyte by means of a physical interaction, and (2) faradaic capacitors (pseudocapacitors), which store energy through redox reactions between the electrode materials during charge/discharge processes [5] .
Graphene, or reduced graphene oxide (RGO), is a two-dimensional structure that is only one or few atomic layers thick [6, 7] . It is considered an excellent material for SC electrodes because of its exceptionally high specific surface area, good conductivity, and many other desirable chemical and physical properties. The specific surface area of graphene has a significant effect on an SC's capacitance. Unfortunately, this value often degrades severely due to the restacking of exfoliated graphene sheets. The issue of how to overcome the restacking tendency of graphene is consequently of utmost importance for SC applications.
In recent years, graphene/metal oxide composites have been reported to exhibit anti-restacking capability due to the fact that metal oxide particles grown on the basal plane of graphene can prevent neighboring graphene flakes from face-to-face restacking. In addition, many researchers have found that metal oxides (e.g. NiO [8] , Ni(OH) 2 [9] , MnO 2 [10, 11] , and Fe 3 O 4 [12] [13] [14] ), or conductive polymers [15] [16] [17] [18] can increase the capacitance by way of redox reactions with the electrolyte. Electrochemical tests have revealed that, the combination of the pseudo-capacitance offered by metal oxides or conductive polymers with the large EDLC effect of graphene can result in significantly enhanced electrochemical performance. Among transition metal oxides, iron oxide has the advantages of non-toxicity, low cost, high chemical and thermal stability, corrosion resistance, natural abundance. Thus it has a wide range of applications, such as gas sensors, optical devices, and electromagnetic devices [19] [20] [21] . Theoretically, α-Fe 2 O 3 is known to have a capacitance as high as 3625 F/g, deriving from the pseudo-capacitance effect during the reversible redox reaction: Fe 3+ ↔ Fe 2+ [22] .
Despite the many advantages of iron oxide, it has a major drawback, namely, poor conductivity. This results in deteriorated performance at high current densities due to high charge transfer resistance. This can be overcome by combining iron oxide and graphene to form a composite material: the high conductivity of graphene can improve the charge transfer rate at the electrodes [23] [24] [25] . In recent years, in order to improve the properties of graphene, many researchers have doped graphene with nitrogen atoms [26, 27] . Apart from increasing the conductivity of graphene, N-doping improves the wetting of graphene in the electrolyte, thereby increasing the ion transport efficiency, capacitance value, and electrochemical stability.
Here we present a simple, low-cost hydrothermal method for producing N-doped graphene/Fe 2 O 3 composites. These composites possess the following desirable properties for SC applications. Firstly, Fe 2 O 3 offers an excellent specific capacity (3625 F/g theoretically). Secondly, Ndoping raises graphene's conductivity at the electrode. Thirdly, N-doping improves the wettability between graphene and the electrolyte, thereby greatly promoting ion diffusion.
EXPERIMENTAL DETAILS

Preparation of graphene/iron oxide composites
Graphite oxide (GO) was prepared following the Staudenmaier method [28] . Sulfuric acid (105 ml) was mixed with nitric acid (54 ml) before being stirred for 15 min in an ice bath, followed by addition of natural graphite powder (6 g). After stirring for 15 min, the mixture was stirred for 15 min and potassium perchlorate (66 g) slowly added (to avoid strong reactions). This was followed by 96 h of continuous stirring in the ice bath. After the addition of 5 L of deionized water, the mixture was filtered and then washed with 5% HCl to remove the SO 4 2-ions. The solution was then repeatedly washed with deionized (DI) water until the pH became neutral. Finally, GO was obtained by filtering and drying of the solution. 0.3 g of the synthesized GO along with 1.05 g of ferric chloride were dissolved in 150 ml of alcohol and ultrasonicated for 10 min. After this 3.885 g of sodium acetate was added to the solution, which was mixed by a magnetic stirrer at 500 rpm, and then autoclaved at 180°C for 12 hours. After the reaction finished, the solution was vacuum-filtrated. Finally,the filtrate was washed with DI water to neutralize its pH, and dried at 80°C in an oven for 12 hours to obtain the graphene/iron oxide composite (RGO/Fe 2 O 3 ) powder.
Synthesis of N-doped RGO/Fe 2 O 3 composites
0.4 g of RGO/Fe 2 O 3 powder was added in 100 ml of DI water, and then ultrasonicated for 15 min. 2 g of melamine powder was added to the mixture, which was stirred at 500 rpm to achieve uniform dispersion before heating in an autoclave at 180°C for 12 hours. Subsequently, the solution was vacuum-filtered, and its pH was neutralized by washing with DI water. Finally, the solution was dried in an oven overnight at temperature of 80°C, generating graphene/iron oxide (N-RGO/Fe 2 O 3 ) powder.
Material characterization and electrochemical measurements
X-ray diffractometry (XRD, Bruker, D2 Phaser) was employed to determine the crystal structure of the synthesized nanocomposite samples before observing the surface morphology with a scanning electron microscope (SEM, JEOL, JSM-6500). A transmission electron microscope (TEM) (JEOL, JEM-2000 EX II) was used in examining the high-resolution morphology. X-ray photoelectron spectra (XPS) of the nanocomposites were measured with a high-resolution ULVAC-PHI XPS spectrometer (Model: PHI Quantera SXM/Auger: AES 650) in order to verify the success of N-doping.
All three-electrode electrochemical analysis experiments were performed with a potentiostat (BioLogic, SP-150). The working electrode was prepared by first creating an electrode slurry by dispersing the prepared nanocomposites (80 wt.%) uniformly in N-Methyl-2-pyrrolidone (NMP) along with carbon black (10 wt.%) and polyvinylidene fluoride (PVDF, 10 wt.%). The slurry was then immersion-coated onto a Ni foam (1x1 cm 2 ), and then baked in a vacuum oven (90 °C) overnight. The loaded Ni foam was then compressed under a pressure of 150 kgf/cm 2 to obtain the working electrode.
The counter and reference electrodes were, respectively, a platinum foil and Ag/AgCl. The electrolyte was 1 M KOH aqueous solution. Cyclic voltammetry (CV) and galvanostatic charge/discharge (GC) electrochemical tests were conducted at room temperature with a voltage range between -1.2 and 0 V. From the CV and GC curves, the specific capacitance (Cs, in F/g) was calculated. The performance at various scan rates and current densities were studied in order to evaluate the rate capabilities of the SCs. Finally, to obtain the parameters of the equivalent circuit elements, electrochemical impedance spectroscopy (EIS) measurements were carried out with alternating-circuit (AC) frequency scanning between 10 mHz and 100 kHz. Fig. 1 In order to understand in detail the composition and electronic structure of the RGO/Fe 2 O 3 and N-RGO/Fe 2 O 3 composites. XPS analysis was performed. As depicted in Fig. 3 (a) , XPS shows that both composites contain iron, carbon, and oxygen, but nitrogen was only found in N-RGO/Fe 2 O 3 . Thus we verified that N-doping of RGO with melamine was successfully achieved. The content of N was estimated to be about 21.5 at.%. Fig 3 (b) presents the C1s electron spectrum for N-RGO/Fe 2 O 3. It can be deconvoluted into five peaks: C=C/C-C (284.7 eV), C-N (285.4 eV), C-O (286.5 eV), C=O (288.5 eV), and O-C=O (289.4 eV) [29, 30] . To study the bonding of N atoms, the N 1s spectrum was inspected. Deconvolution indicated that 4 peaks were present, as revealed in Fig. 3 (c) : pyridinic N at 398.4 eV, pyrrolic N at 399.7 eV, graphitic N at 401.5 eV, and oxidized N at 404.2 eV [29] . Clearly pyrrolic N was the dominant dopant atom in our sample. It is known that pyrrolic N is a good electron donor for graphene because it offers high mobility [29] , which facilitates electron-transfer reactions and thus enhances the performance of SCs [26, 27, 31] . Additionally, pyridinic N can also serve as an electron donor [31] [32] [33] . Consequently, N-doping improves graphene's conductivity and electrochemical activity, leading to better high-rate performance of SCs [34] . XPS also showed two Fe 2p peaks at 710.9 and 724.5 eV (see Fig. 3(d) ), which are attributed to 2p 3/2 and 2p 1/2 of Fe 3+ , respectively [29] . This offers another piece of evidence for the successful synthesis of Fe 2 O 3 nanoparticles on N-RGO sheets.
RESULTS AND DISCUSSION
(a) (b)
Electrochemical analysis was carried out for the two nanocomposite materials to probe the influence of N-doping on SC's electrochemical properties. Electrodes made of RGO/Fe 2 O 3 and N-RGO/Fe 2 O 3 were prepared separately for testing. The CV results are shown in Fig. 4 . All curves differ significantly from the approximately rectangular profile seen for pure EDLCs (the result of the physical processes of electrostatic adsorption and desorption). They clearly exhibit Faraday pseudocapacitance effects, which are offered by the redox chemical reactions of the iron oxide nanoparticles. The CV curves reveal a reduction reaction at ~ -1.0 V and an oxidation reaction at ~ -0.7 V We attribute this to a reversible reaction between Fe 3+ and Fe 2+ [29] . The large redox peaks indicate that the specific capacitance is mainly due to the pseudocapacitance effect of iron oxide. Fig. 5(a) displays the GC test results for N-RGO/Fe 2 O 3 for current densities varying from 1 to 20 A/g. All of the curves deviate considerably from ideal quasi-isosceles triangles found in pure EDLCs. Consistent with CV, GC tests indicate that most of the energy was stored by means of the pseudocapacitance effect, i.e., redox reactions of iron oxide. The curves reveal that the redox reactions occur at ~ -0.7 and -1.0 V, in agreement with the CV measurements. The specific capacitances (calculated from the GC tests) for RGO/Fe 2 O 3 and N-RGO/Fe 2 O 3 as functions of current density are compared in Fig. 5(b) . N-RGO/Fe 2 O 3 shows consistently higher capacitance than RGO/Fe 2 O 3 at all current density levels. At the lowest current density (1 A/g), the former offered a capacitance as high as 698 F/g, while the latter gave only 543 F/g. This confirms that N-doping is an effectively way to raise the capacitance of RGO-based SCs. When the current density was drastically increased to 20 A/g, the specific capacitance of N-RGO/Fe 2 O 3 fell only to 354 F/g. This corresponds to an 85%-improvement compared to RGO/Fe 2 O 3 . This performance indicated that N-doping has the benefit of enhancing the capacitance retention of RGO at large currents. We ascribe these overall improvements in specific capacitance values as well as retention ratios by way of N-doping to better conductivity as well as enhanced wettability, which facilitates ion transport and increased accessible surface area within the electrode material. To further understand the charge transport characteristics, EIS tests were carried out on both electrodes over a frequency range from 100 kHz to 10 mHz. Figure 6 shows the real and imaginary parts of the AC impedance as the x-and y-axes on the Nyquist plot. The x-axis intercept on the left (i.e., the high-frequency region) represents the internal impedance, R s. This comprises the resistances of the active material, the electrolyte, and the contact resistance (at the interface between the active material and the collector) [35] . The two curves have very close R s values, indicating that the overall resistances for the two electrodes are similar. The oblique line at the low frequency end (on the right) suggests a diffusion-controlled kinetic process in the electrode. The larger slope observed for the N-RGO/Fe 2 O 3 electrode indicates that it has faster ion diffusion and consequently a higher formation rate of EDL than the RGO/Fe 2 O 3 electrode. The arc in between the two frequency extremities is associated with another kind of resistance--the charge transfer resistance (R ct ). R ct is often ascribed to the Faraday reaction occurring at the contact with electrolyte and is a limiting factor for the specific power of the supercapacitor. The smaller arc in the EIS plot of N-RGO/Fe 2 O 3 implies a smaller R ct . The R ct values extracted from equivalent circuit simulation for N-RGO/Fe 2 O 3 and RGO/Fe 2 O 3 were 0.08 and 0.23 Ω, respectively. This confirms that nitrogen doping effectively reduces R ct due to the higher conductivity of graphene sheets as well as the improved wettability between the graphene surface and the electrolyte. The lower R ct results in the higher specific power of the N-RGO/Fe 2 O 3 electrode.
Finally, the N-RGO/Fe 2 O 3 supercapacitor was subjected to a cycle life test. Fig. 7 displays its capacitance retention behaviour over 3000 cycles of charge and discharge (at 1 A/g). After 3000 cycles, the capacitance value decayed by 45%, which was expected because the capacitance mainly came from the Faraday reaction in Fe 2 O 3 rather than from EDLC. However, due to the high initial specific capacitance, a large value of 384 F/g was still retained after 3000 cycles. 
CONCLUSIONS
N-doped graphene/Fe 2 O 3 composites via a simple hydrothermal method using melamine as the nitrogen source were successfully synthesised. As the active material of an SC, in addition to reducing charge transfer resistance, N-doping on the graphene surface improved the wettability between electrode and electrolyte. The latter facilitates ion diffusion during the charge/discharge process at high current and increases the accessible surface area of the active material. The incorporation ofFe 2 O 3 effectively enhanced the capacitance values of the SCs due to its high specific capacitance. The SC based on the N-RGO/Fe 2 O 3 electrode exhibited excellent specific capacitance values at low and high current densities: 698 (1 A/g) and 354 (20 A/g) F/g, respectively. Cycle life testing showed good retention of capacitance. In summary, combining the advantages of N-doped graphene with the high specific capacitance of Fe 2 O 3 leads to the superior performance. This will be useful for future applications of SCs.
